To specify good variables for representing the perception and production boundaries between Japanese single and geminate stops at various speaking rates, regression analysis and discriminant analysis were conducted for perception data and production data, respectively. The regression function of the closure duration with the word duration with an intercept term predicted the perception boundary between a single and a geminate stop very well (R 2 = .892), and also discriminated the production of stops with a small error rate (8.73%). At the same time, a discriminant function with the same variables discriminated the production of stops with a small error rate (8.72%), and also predicted their perception boundary very well (R 2 = .815). In addition, the regression and discriminant functions were very similar. These results suggest that the closure and word durations with an intercept term are good variables for representing the perception and production boundaries of single and geminate stops irrespective of speaking rate, and that these two boundaries coincide with these variables.
Introduction
The durations of speech segments can change considerably according to speaking rate. For example, the closure duration of Japanese single and geminate stops, which is the main correlate for distinguishing the stops, varies as a function of speaking rate.
Previous studies have shown that the perception and production boundaries of phonemes shift to compensate for the variation in speaking rate (e.g., [1] , [2] , [3] ), which allows stable perception and production of phoneme categories at various speaking rates.
From another viewpoint, this fact suggests that speech perception and production employ an invariant variable for speaking rate. Some previous research has addressed this invariance (e.g., [4] ). For example, Hirata and Whiton [5] analyzed single and geminate stops in Japanese words and nonwords pronounced by four Japanese at slow, normal, and fast speaking rates. They measured several variables related to single and geminate stops such as closure duration, preceding vowel duration, voice onset time, word duration, the ratio of closure duration to preceding vowel duration, and the ratio of closure duration to word duration (hereafter referred to as the CW ratio).
Among these variables, they found that the CW ratio is the most powerful in terms of distinguishing a single stop from a geminate stop. That is, single and geminate stops can be distinguished most clearly based on an invariant value of the CW ratio across different speaking rates. They indicated that the value of the CW ratio is 0.35 at this production boundary.
Because speech perception and speech production are closely related, the CW ratio, which is an invariant variable for the production boundary, might also be an invariant variable for the perception boundary. Based on this possibility, the present study addresses questions, namely; 1) whether the CW ratio is a good variable for representing a perception boundary between a single and a geminate stop in Japanese, 2) whether there are other good variables for representing the perception boundary if CW ratio is not a good variable, and 3) whether such new variables are also good variables for representing production boundary.
To answer these questions, an identification experiment was conducted to obtain the perception boundaries between single and geminate stops in a Japanese sentence at various speaking rates. Then, the relationships between the perception and production boundaries were investigated with regression analysis and discriminant analysis.
Method

Participants
Forty monolingual native Japanese speakers (20 males and 20 females) participated in the experiment. Their average age was 24.7 years (Min=20, Max=30, SD=3.02). They were paid for their participation.
Stimuli
Original material was selected from the recordings of one speaker (M1) in Hirata and Whiton [5] . They consisted of four original word pairs with a single or a geminate stop (Table 1 ) embedded in the carrier sentence /sokowa ___ to yomimasu/ at slow, normal, and fast speaking rates. The material was recorded with 16 bit quantization and a 22.05 kHz sampling frequency. There were a total of 24 pieces of original material (4 original word pairs x 2 stop types x 3 speaking rates). Each original word pair had the same segmental composition and accent type. There was no significant difference in terms of word familiarity [6] between the original words with single and geminate stops.
Stimulus continua between single and geminate stops were generated by modifying the closure duration of each original word in 18 steps. That is, the closure duration in the original word was shortened or lengthened within a range measured from the original closure duration with the step sizes shown in Table 2 . The range and step size were decided after preliminary listening by the authors, so that a stimulus at 
Procedure
Stimuli were presented diotically to participants through headphones at a comfortable level in a quiet room. The 432 stimuli were presented four times in a randomized order, and thus there were a total of 1,728 trials for each participant. The randomized order differed for each participant. The 1,728 trials were broken into eight blocks of 216 trials. Upon hearing each stimulus, two response buttons were displayed on a computer screen. A word with a single stop or a geminate stop was shown on each button in Japanese hiragana orthography.
The participants' task was to make a two-alternative forced choice between a single stop word and a geminate stop word by clicking the button that corresponded to the stimulus they heard. The participants were then asked to click a button marked "next" to hear the next stimulus.
Before the experiment, the participants were given two sets of 12 practice trials. The experiment was self-paced, but the computer prompted the participants to take a three-minute break between any two consecutive blocks. It took the participants 100-130 minutes to complete the experiment.
Results
The response rate to a geminate stop was calculated by dividing the number of geminate stop responses by the total number of responses for each stimulus. For each word at each speaking rate, a logistic function was fitted to the response rate of geminate stop as a dependent variable with closure duration as an independent variable ( Figure 1 ). The closure duration at the perception boundary was obtained as the point that gave a 50% response rate on the fitted logistic function (Table 3) .
CW ratio for perception boundary
The CW ratio was calculated by dividing the closure duration at the perception boundary by the word duration (Table 3 ). An analysis of variance (ANOVA) was conducted for the CW ratio with two factors, namely the stop type of the original word and the speaking rate. The interaction was not significant however the speaking rate was [F(2,18)=11.14, p<0.001]. Therefore, the CW ratio depends on the speaking rate. The mean of all the CW ratios for the perception boundary was 0.33, which is not significantly different from 0.35 (i.e., the CW ratio for the production boundary [5] ). However, the CW ratios for the perception boundary at a slow speaking rate [t(7)=3.03, p<0.05, two-tailed] and at a fast speaking rate [t(7)=-3.60, p<0.01, two-tailed] were significantly different from 0.35. Therefore, the CW ratio values do not coincide as regards the perception and production boundaries.
These results mean that the CW ratio is not a good variable for the perception boundary, and that the perception and production boundaries do not coincide in terms of CW ratio.
Variables for perception boundary
A regression analysis was performed using the closure duration at the perception boundary as a dependent variable. The independent variable was one of the following: 1) word duration without an intercept term, 2) word duration with an intercept term, 3) consonant duration in the mora preceding a closure, 4) vowel duration in the mora preceding a closure, 5) consonant duration in the mora following a closure, and 6) vowel duration in the mora following a closure. Table 4 shows coefficients for the regression functions obtained with these variables.
Of these 6 variables, word duration with an intercept term provided the best goodness of fit for the regression function of the closure duration at the perception boundary, because Akaike's information criterion (AIC) and Bayesian information criterion (BIC) were at their minimum values (Table 4 ). This indicates that closure and word durations with an intercept term are the best variables for predicting the perception boundary. The regression function of the closure duration with respect to word duration with an intercept term is plotted with a solid line in Figure 2 with the perception boundary data. Note that the regression of the closure duration with word duration without an intercept term as an independent variable (c = a*w) is mathematically equivalent to the CW ratio (c/w = a) where c is closure duration, w is word duration, and a is a constant value. The word duration without an intercept term, equivalent to the CW ratio, had a worse goodness of fit than the word duration with an intercept term. This means that the CW ratio is not a good variable for predicting the perception boundary. This is consistent with the ANOVA results in section 3.1, which show that the CW ratio is not a good variable for the perception boundary because it depends on the speaking rate.
Variables for production boundary
Although the CW ratio is a good variable for the production boundary [5] , there might be other good variables. One such possibility is the closure and word duration with an intercept term that gives the best goodness of fit for the regression of the perception boundary. To investigate this possibility, discriminant analysis with closure and word duration with an intercept term was conducted for production data of four speakers at various speaking rates (n = 2141) taken from Hirata and Whiton [5] .
The discriminant analysis provided a discriminant function of y = -17.1 + 0.446x where y is closure duration and x is word duration. The discriminant function is plotted as the production boundary by the dashed line in Figure 3 with the production data.
The discriminant error was only 8.72%. Although this error rate is higher than that of the CW ratio (4.3%, n = 2160), it is sufficiently low to rationalize that this discriminant function discriminates fairly well between a single and a geminate stop production. This result indicates that the closure and word duration with an intercept term are good variables for the production boundary.
Discussion
The regression and discriminant analysis results indicate that the closure and word duration with an intercept term are good variables for representing both the perception and production boundaries. Further analyses were conducted to see how well these two functions correspond as regards perception and production.
The regression function of the perception data obtained in section 3.2 was applied to the production data reported in Hirata and Whiton [5] . The regression function is plotted as a perception boundary by the solid line in Figure 3 . The error rate was only 8.73% in discriminating the production data of a single and a geminate stop (n=2141). This means that the regression function of the closure duration with respect to the word duration with an intercept term can represent the production boundary between a single and a geminate stop fairly well.
In contrast, the discriminant function of the production data obtained in section 3.3 was applied to the perception data of the current experiment. The discriminant function is plotted as a production boundary by the dashed line in Figure  2 . Its R-square value was 0.815. The value is high and almost the same as the R-square value (0.892) for the regression function of the perception data in section 3.2. This means that a discriminant function with the closure and word durations with an intercept term can fairly well represent the perception boundary between a single stop and a geminate stop.
In addition, the regression function for perception data and the discriminant function for the production data were very similar as shown in Figures 2 and 3 . The slight difference between the functions would be the result of measurement error in the perception and production experiments.
These facts indicate that, although the two functions obtained from the perception and production data were not identical, they can represent the perception and production boundaries at various speaking rates very well.
This means that the closure and word durations with an intercept term, but not the CW ratio, are good variables that can predict both the perception and production boundaries. In other words, in terms of the closure and word durations with an intercept term, speech perception and production have the same category boundary between a single and a geminate stop in a Japanese sentence irrespective of speaking rate.
The correspondence between the perception and production boundaries has not been always observed clearly. For example, Miller et al. [3] reported that there is a discrepancy between the perception and production boundaries of /b/ and /p/ in terms of voice onset time. However, Pind [4] found that the perception and production boundaries between Icelandic stop consonants were very similar as regards the vowel to rhyme duration ratio but not with respect to voice onset time. The results of Pind's study and the current study suggest that an invariant variable can be found for the perception and production boundaries, and that these boundaries can be consistent with each other in terms of the invariant variable.
The current results were obtained using two-mora words with a single stop and three-mora words with a geminate stop. It is unknown whether the closure and word duration with an intercept term are also good variables for the perception and production boundaries of a single and a geminate stop in longer words. One possibility is that the duration of a portion including the previous mora and the following mora, but not the duration of the word, might be a good variable in longer words. This portion duration is homologous with the word duration in two-and three-mora words in the current experiment. This means that the current experiment could not distinguish between the portion duration and the word duration. Therefore, the current result can be reinterpreted with the portion duration. It needs a future study to clarify whether this is a good variable for representing the boundary between single and geminate stops in longer words.
